Abstract. Interactions of sulforhodamine B or ethyl eosin (as the anionic dye) with cetylpyridinium bromide (as a cationic surfactant) have been investigated by visible spectroscopy in aqueous solution. The object of research is the association between an anion of dye and of cationic surfactant in aqueous solutions and its features. Computer simulation of these interactions was carried out with the use of AM1 and PM3 semi-empirical methods. A new spectrophotometric method was developed for the determination of critical micelle concentration of cationic surfactants.
Introduction
Recently, much attention is paid to the study of the phenomena of the self-or dissimilar association (i.e. heteroassociation) of organic dyes in aqueous and mixed media [1] [2] [3] . The association significantly affects on the spectral and luminescent properties of different systems. For example, the ionic association with the participation of dyes finds a fruitful application for the quantitative determination of metal ions, surfactants and organic additives [4] [5] [6] . Features of the association are also investigated in the biomedical industry, in pharmaceutical chemistry in order to determine the components in drugs or modification of DNA and polypeptides [7, 8] .
The association of the "dye -surfactant" type has a special interest due to certain features (the presence of spectral changes at sufficiently low concentrations of reagents at the level of 10 -6 M and even less). In general, association models and thermodynamics (association constants, enthalpy of formation and Gibbs energy) and other parameters (surface tension, the surface area per surfactant molecule at the water/air interface and others) were determined for different classes of dyes [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . There are studies to find effective ways to extract some dyes from various media using surfactants [20] [21] [22] [23] .
Its own unique properties attract the attention of xanthene dyes, among them rhodamines and oxyxanthenes [1, 3, 24] . They are characterized by high intensity of light absorption of charged protolytic forms and the ability to intense luminescence in solutions. Our investigation is focused on (i) interaction of sulforhodamine B or ethyl eosin anions with cationic surfactant in water, (ii) assessment of energy interaction "dye-surfactant", (iii) consideration of the possibility of developing a simple method for quantifying the critical micelle concentration for cationic surfactant. These results should be helpful for understanding the "dye-surfactant" interaction at the molecular level and be useful for practical purposes.
Experimental

Materials and reagents
Sulforhodamine B, SR (CAS Number: 3520-42-1, Colour Index Number: 45100), ethyl eosin, EE (CAS Number: 6359-05-3, Colour Index Number: 45386), cetylpyridinium bromide, CPB (CAS Number: 140-72-7) were purchased from Sigma-Aldrich Chemical Company, USA, and used without further purification. Chemical structures of the investigated particles are presented on Fig. 1 . 
Solutions
SR and EE solutions were prepared by dissolving the appropriate weight in 100 cm 3 water. CPB solution was prepared by dissolving the appropriate weight in 250 cm 3 distilled water. Photometric flasks contained molar concentrations of dyes from 1·10 -6 to 5·10 -5 M and no more because to avoid the process of possible dimerization. Solutions of dyes were stored in dark glass bottles to be protected from light. Doubly distilled water was used for the preparation of aqueous solutions.
Apparatus
Absorption spectral measurements were carried out with a UV-visible modernized spectrophotometer SF-46. The spectrophotometric measurements were carried out using 1cm glass cell, with wavelength range of 410-600 nm. The experiments were carried out at room temperature.
Results and Discussion
Properties of the dyes and surfactant
Considered dyes form singly charged ions R -in aqueous solutions. These anions exist on a fairly wide range of pH values in accordance with the thermodynamic pKa values (3.22 for SR [24] and 1.80 for EE [1] ). Sufficiently large values of the molar absorption coefficients (ε) of the anions (108000 L·mol -1 ·cm -1 for SR (565 nm) and 98000 L·mol -1 ·cm -1 for EE (520 nm)) make it possible to investigate the interactions with surfactant at fairly low molar particle concentrations (~10 -6 M). CPB exists in the form of a single charge cation CP + in such concentrations (the value of CCM equals to (1.0÷9.0)·10 -4 M [25] [26] [27] ). Interpretation of the spectral changes within the equilibrium approach implies the implementation of the main law of light absorption by the protolytic forms of the dyes. It was experimentally determined that the linear dependence of the optical density, A, on the concentration of dye in solution can be applied satisfactorily over quite wide ranges of molar concentration, C, of the anions: 
The values of free regression term are statistically zero (standard deviation of each parameter is given in brackets), and it could be considered that Aλ = k•C. It is worth noting the practical coincidence of correlation coefficient with the unity. This gives reason to suggest that anions do not dimerize in the studied concentration intervals (1·10 -6 M -5·10 -5 M). Thus, the spectral changes that are instrumentally recorded when mixing the dye and surfactant are due to the interaction of the anion with the surfactant cation.
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Absorption spectra and energetics of "dye-surfactant" interaction
Supplementary experiments have been revealed that additions of buffer solutions (phosphate, borate, acetate solutions) did not have a noticeable influence on the "dye-surfactant" interaction. Spectral changes in the systems of "dye-surfactant" are due only to the interaction of anion dye with a cation of surfactant (see Fig. 2, Fig. 3 ). Similar spectral changes are typical for other concentrations (2.1·10 -6 , 4.3·10 -6 , 1.1·10 -5 M) of each dye. This fact indicates the interaction of the surfactant cation with the dye anion. It is found that the absorption spectra do not change over time even at different molar concentrations of both dyes. The decrease in the intensity of absorption (spectra 1-3 on Fig. 3) indicates the presence of processes of the association of "CP + + R -" type. However, further increase in surfactant concentration until the micelles leads to an increase in light absorption and evidence of solubilization dye (spectra 5-7 on Fig. 3 ). This experimental fact is in agreement with the modern ideas of the existence of the dye in micelles systems of ionic surfactants [1, 3, 14] .
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Molecular modelling of the systems "CP + + R -" and related calculations were performed using the package "HyperChem 8.0" [28] for a variety of initial options for the location of counterions relative to each other ("single point" procedure). General principles of quantum-chemical simulations of the structures have been described previously [29, 30] . Geometric optimization of ions was carried out by molecular mechanics MM+ (vacuum; see Fig. 4 as an example) and AMBER (water, "Periodic Box" function) methods. Standard enthalpy (ΔH 0 ) of formation of ions and associate "CP + + R -" was determined by semi-empirical methods AM1 and PM3. The parameters of these methods were selected so that they allow us to reproduce the experimental values of ΔH 0 of organic compounds in the best way. The use of two methods of simulation is related not only to the tendency to assess the higher reliability in absolute values of ΔH 0 , but also to minimize the systematic error in the discovery of the change in for associates of similar composition. As an example, Table 1 shows the characteristics of the "CP + + SR -" interaction depending on the distance between the Nitrogen atom within a pair and is denoted in the first column, an Oxygen atom (or phenolic fragment of the structure of SR -) in the composition of the dye. The variants with the highest cation-anion interaction energy gain are shown in bold. The average error in calculation of ΔH 0 is about 6 kcal/mol [31] . The "single point" procedure states that the optimized structures of the associate "CP + + SR 
Determination of critical micelle concentration
Known methods are currently used to quantify the cationic surfactant CMC in water, based on a sharp change in the physical and chemical properties of surfactant solutions, such as optical density, with an increase in the concentration of surfactants from the molecular solution to the micellar. The CMC value is determined by the location of the fracture point in the graphic dependence of the optical density on the surfactant concentration in water. This relationship has the form of two straight sections intersecting. The disadvantage of the methods is the insufficient reliability of the QMS determination, which is due to the blurring of the fracture point location on the graphic dependences due to the insufficient linearity of the plots. This leads to the undesirable need to further involve other instrumental methods in order to more reliably determine the CMC of cationic surfactants, for example, the method of surface tension or electrical conductivity. The elimination of the noted drawback in the known methods is associated with the use of dyes that can significantly reflect the change in optical density depending on the concentration of cationic surfactants in water [12, 26] .
We have determined that SR is able to interact with cationic surfactant (CPB) in water in such a way that there is a change in the intensity of light absorption, behind which it becomes possible to determine the CMC. The method for determining the CMC involves the use of SR, the subsequent measurement of the optical density A at a certain wavelength and the construction of a graphical dependence of A at a wavelength of light absorption of 565 nm from the concentration of cationic surfactants (Fig. 5) . Type of dependence of optical density on the concentration of CPB can be explained as follows. The highest optical density is characteristic of the dye in the absence of CPB. When adding CPB to a constant amount of SR optical density decreases in direct proportion to the molar surfactant concentration (area 1) due to the formation of a compound between the dye and CPB.
With the subsequent increase in the concentration of CPB solution is converted from molecular to micellar. The optical density ceases to decrease (area 2) since the amount of dye that interacted with the CPB does not change. Under these conditions, SR is completely in the micelles of CPB, regardless of the further increase in the concentration of surfactants in water. Perpendicular 3 determines the minimum surfactant concentration at which the solution becomes micellar, that is, cuts off the CMC value of cationic pairs on the abscissa axis. The value 3.2·10 -4 for CMC of CPB is found from the graph, and it coincides well with the known values [25] . But due to the greater certainty of the fracture point on the dependence (Fig. 5) , the new method is able to determine the CMC of cationic surfactants with better reliability in comparison with some spectrophotometric methods [12, 25, 26] .
Conclusions
The changes in absorption spectra caused by the interaction between the dye anion (SR -, EE -) and the cationic surfactant. It was found that in the domicellar region of surfactant concentrations, an increase in the concentration of CPB is accompanied by a decrease in the light absorption of the dye. A further increase in the surfactant content (the appearance of micelles) leads to an increase in light absorption with a significant (up to 35 nm in the case of EE) batochromic shift relative to the light absorption of the aqueous dye solution. This result is consistent with the known data on the influence of cationic surfactants on spectra of the dye. Standard formation enthalpies of ions and associates were calculated by semi-empirical methods (AM1 and PM3) in vacuum and in water. Regardless of the method the calculations show that the interaction "CP + + SR -" or "CP + + EE -" is energetically beneficial since the energy gain significantly exceeds the statistical error of the methods. The obtained results made it possible to develop a new method for determination of CMC cationic surfactant in water using SR dye.
